Ethnopharmalogical relevance: In Africa, traditional medicine is important for local healthcare and plants used for these purposes are commonly traded. Identifying medicinal plants sold on markets is challenging, as leaves, barks and roots are often fragmented or powdered. Vernacular names are often homonymic, and identification of material lacking sufficient morphological characters is time-consuming, season-dependent and might lead to incorrect assessments of commercialised species diversity. Aim of the study: In this study, we identified cases of vernacular heterogeneity of medicinal plants using a tiered approach of literature research, morphology and DNA barcoding. Material and methods: A total of 870 single ingredient medicinal plant samples corresponding to 452 local names were purchased from herbal markets in Dar-es-Salaam and Tanga, Tanzania, and identified using conventional methods as well as DNA barcoding using rbcL, matK and nrITS. Results: Using conventional methods, we could identify 70% of samples to at least family level, while 62% yielded a DNA barcode for at least one of the three markers. Combining conventional methods and DNA barcoding, 76% of the samples could be identified to species level, revealing a diversity of at least 175 species in 65 plant families. Analysis of the market samples revealed 80 cases of multilingualism and over-and under-differentiation. Afzelia quanzensis Welw., Zanthoxylum spp., Allophylus spp. and Albizia anthelmintica Brongn. were the most evident cases of multilingualism and over-differentiation, as they were traded under 8-12 vernacular names in up to five local languages. The most obvious case of under-differentiation was mwingajini (Swahili), which matched to eight scientific species in five different plant families. Conclusions: Use of a tiered approach increases the identification success of medicinal plants sold in local market and corroborates findings that DNA barcoding can elucidate the identity of material that is unidentifiable based on morphology and literature as well as verify or disqualify these identifications. Results of this study can be used as a basis for quantitative market surveys of fragmented herbal medicine and to investigate conservation issues associated with this trade. 2001; van Andel et al., 2015) . However, one of the standing challenges
Introduction
Traditional medicine markets are known for their importance for the local economy and healthcare provision in developing countries. Additionally, they are a valuable source of information to ethnobotanists, conservationists and healthcare authorities, since they provide an overview of the medicinal floristic diversity of a region, the species in high demand and reflect local health concerns (Cunningham, 2001) . Market studies aim to document the diversity and volume of medicinal plants sold and to map the harvesting localities and trade routes. Market surveys are used to investigate possible conservation issues associated with the commercialisation of herbal products and the informal economy connected to its annual sales values (Cunningham, that remains is the identification of the products in trade. Herbal market stalls display a wide variety of roots, bundles of leaves, barks, wood, fruits and seeds, which are often difficult to identify. Classification of intact herbal products relies heavily on morphological characters. Fruits, seeds and leafy branches can be identified using morphology, and are often made into herbarium vouchers. Living bulbs and rhizomes can be grown into adult plants with leaves and flowers and further identified, but this is a time-consuming and labour-intensive process. Shredded leaves, roots and barks are much more difficult to identify, as they lack morphological characters as they are often dried beyond the point of recognition or are sold as powders. To aid the identification of these products, fertile specimens can be collected in the field together with the vendors, the marketed products can be compared to herbarium vouchers and economic botany collections or can be identified using available literature to match the local name to a scientific equivalent (Williams et al., 2000; van Andel et al., 2012; Quiroz et al., 2014; Towns et al., 2014) . Nevertheless, part of the marketed products tends to remain unidentified and the reliability of identifications based on literature alone is questionable, since local names can refer to multiple scientific species or one scientific species could have multiple local names ( Van't Klooster et al., 2003; Kokwaro, 2009 ), concepts which are described as under-differentiation and overdifferentiation respectively (Berlin, 1973 (Berlin, , 1992 Martin, 2004; Cunningham, 2001 ). An additional complicating factor in this matter is the use of multiple local languages on these markets, leading to trade names in multiple languagues for one scientific species (Otieno et al., 2015) . In Tanzania, like many other developing countries, a substantial amount of the population uses traditional medicine (de Boer et al., 2005; Hedberg et al., 1983a Hedberg et al., , 1983b 1982; McMillen, 2012; Posthouwer et al., 2018) . Surveys of Tanzanian herbal markets have predominantly used morphological methods and literature to identify the traded species (McMillen, 2008; Nahashon, 2013; Abihudi, 2014) . However, since the majority of the medicinal plants on these markets are sold as powders, roots and barks, only part of the products could be identified using morphology (Posthouwer et al., 2018) . Identifying traded plants based on their vernacular name is challenging, as not all Tanzanian plant names are linked to scientific species and previous studies have produced long lists of local names for which no identification hypothesis exists (Nahashon, 2013; Abihudi, 2014; Otieno et al., 2015) . Tanzania is ethnically diverse and this is reflected in the diversity of trade names in various local languages for the same product (McMillen, 2008; Otieno et al., 2015) . Several cases of over-and under-differentiation are known: the common name olkiloriti (Maasai) is for example used for several Vachellia (syn. Acacia) species, mtopetope (Swahili) for different Annona species, and mjafari (Arabic/Swahili) for Ehretia abyssinica and several Zanthoxylum species (Kokwaro, 2009; Nahashon, 2013; Abihudi, 2014; Otieno et al., 2015) . It is unclear if all species referred to by these local names are sold, or if only a few of these are commercialised.
Knowing exactly which species are sold on the market validates quantitative market data, which can in turn be used to determine possible sustainability issues of wild-harvested plants. To achieve this goal, DNA barcoding can serve as an alternative identification method (Veldman et al., 2014) . DNA barcoding is a method that makes use of short standardized regions of DNA to distinguish between species (Hebert et al., 2003) and is increasingly used for the identification and authentication of medicinal plants and herbal products (e.g. Li et al., 2011; Kool et al., 2012; Newmaster et al., 2013; Raclariu et al., 2017a) . In this study, DNA barcoding was used in addition to identifications based on morphology and literature to propose an identification hypothesis for the local names that had not been linked to scientific names. To investigate the medicinal species in trade at Tanzanian markets we posed the following questions: i) Which traded species are subject of multilingualism and over-and under-differentiation? ii) Can DNA barcoding be used to provide identification hypotheses for hitherto unidentified local names? iii) How do DNA barcoding results compare to identifications based on literature and morphology?
Material and methods
For this research recommended guidelines on the collection of ethnobotanical and ethnopharmacological data and material have been consulted (Martin, 2004; Weckerle et al., 2018) .
Sample collection and processing
Based on the available literature on Tanzanian medicinal plant markets (McMillen, 2008; Nahashon, 2013; Abihudi, 2014; Otieno et al., 2015) , we made an overview of known cases of multilingualism and over-and under-differentiation of medicinal plants. For local names potentially referring to multiple scientific species, we bought several samples from different vendors at different markets for comparative analysis. The same was done for popular medicinal plant products with product names suspected of referring to multiple species. Vouchers were deposited at the Natural History Museum, University of Oslo, Norway and at the Herbarium of the Institute of Traditional Medicine in Dar-es-Salaam, Tanzania. Data collection took place at different periods of the year between 2013 to 2016. In total 870 single ingredient samples were included in the study, of which 74 were discussed previously by Posthouwer et al. (2018) in a quantitative survey of non-woody plants sold at the Kariakoo market in Dar-es-Salaam.
Ethics
The research was conducted in line with the International Society of Ethnobiology Code of Ethics (ISE, 2006) . The project was part of a collaboration with the Institute for Traditional Medicine, Muhimbili University of Health and Allied Sciences (MUHAS) in Dar-es-Salaam, Tanzania. Research permits were obtained from the Tanzanian Commission for Science and Technology (COSTECH) . Participants in our study were informed of the purpose of our research and gave their written prior-informed-consent (PIC). Export permits were arranged through the Phytosanitary Section of the Tanzanian Ministry of Agriculture and duplicates were stored at the ITM herbarium in accordance with the TASENE project Material Transfer Agreement.
DNA extraction, PCR and sequencing
In this study the core plant DNA barcodes matK and rbcL (CBOL Plant Working Group, 2009) were used, as well as the nuclear marker nrITS that has been suggested as a supplementary DNA barcoding marker (Chen et al., 2010; Hollingsworth, 2011; Li et al., 2011) . DNA was extracted from ± 0.02 g plant material using a CTAB-based method (Carlson et al., 1991) . Non-powdered products were pulverized using a mortar and pestle or in 2 ml tubes filled to a quarter with zirconia beads using a Mini-Beadbeater (BioSpec Products, Bartlesville, USA). DNA extracts were purified to remove potential PCR inhibitors, which are common in medicinal plant extracts, using a GE Illustra GFX PCR DNA and Gel Band purification kit in accordance with the manufacturer's protocol (GE Healthcare, Little Chalfont, United Kingdom) and purified total DNA was dissolved in 70-100 μl 10 mM Tris-HCl solution for downstream applications and long-term storage. PCR amplification was performed for the core barcoding markers matK and rbcL using the primers and protocols described in Ford et al. (2009) and Dunning and Savolainen (2010) for matK and in Levin et al. (2003) and Kress and Erickson, 2007 for rbcL. Amplification of nrITS was performed following Sun et al. (1994) . PCR amplification was performed in a total reaction volume of 25 μl containing 15.25 μl ddH 2 O, 2.5 μl forward and reverse primer (5 pmol), 2.5 μl DreamTaq reaction buffer (Thermo Scientific, Waltham, USA), 0.5 μl dNTP (25 mM), 0.16 μl 2% acetylated Bovine Serum Albumin (Promega), 0.125 μl DreamTaq polymerase (Thermo Scientific). 10 μl PCR product was cleaned by adding 3 μl 8x diluted ExoSAP-IT (Thermo Scientific) and running it on a Veriti Dx Thermal Cycle (Applied Biosystems, Foster City, USA) at 37°C for 15-30 min and 80°C for 15 min. Sanger sequencing was performed by Macrogen Europe (Amsterdam, The Netherlands) on an ABI3730XL sequencer (Applied Biosystems), using EZ-SEQ and following the manufacturer's protocol for sample preparation. The obtained sequence trace files were assembled using Geneious v.10.1.3 (Kearse et al., 2012) .
Reference database assembly and BLAST analysis
To allow accurate species level identifications, it is essential to have an extensive and reliable reference sequence database to match the unidentified query sequences. In this study we follow previously described approaches from Kool et al. (2012) , de Boer et al. (2014) , Ghorbani et al., 2017 and created a reference database based on putative correspondences between vernacular and scientific names. The database is subsequently augmented with possible substitutes within the genus (i.e. similar species that could be harvested instead of the putative target species). In addition, broad BLAST searches in GenBank allow for identification of species for which the scientific name hypothesis based on the vernacular name was incorrect. Putative species were identified using available literature on commercialised Tanzanian medicinal plants (McMillen, 2008; Nahashon, 2013; Abihudi, 2014) . This list was used for an initial mining of sequences for these species from NCBI GenBank. In case of one vernacular name referring to multiple scientific names, we made a list of all species within that genus occurring in Tanzania and checked whether the species within this genus had representatives in online repositories. In case of lacking reference sequences, we consulted the herbaria of Missouri Botanical Gardens (MO) and the Museum of Evolution herbarium in Uppsala (UPS) for reference vouchers with reliable identifications, from which we generated sequences for a local reference database. The sequences obtained from market samples were initially identified using BLAST (Altschul et al., 1990) as integrated in Geneious v.10.1.3 and using NCBI Genbank as reference database (Benson et al., 2012) . The top five hits for each query sequence were downloaded, exported and integrated with the reference sequences from herbarium vouchers into a local database, which was subsequently used to match query sequences using blastn on a local computer. In order to avoid erroneous species-level identifications, due to species over-or underestimations using a subjective universal cut-off value, a custom cut-off value per genus was calculated. To determine the suitable cut-off value for species-level identification, an alignment of the available reference sequences was made for each encountered genus and each barcoding maker and the intra-and interspecific variations were analysed using SpeciesIdentifier (Meier et al., 2006) . In most cases the cut-off value suggested by Spe-ciesIdentifier was adopted, except when this value was < 1%, then a general cut-off value of 1% was used combined with critical evaluation based on the completeness of the reference database, sequence vs. query length and mismatches. The determined cut-off value in combination with the percent identity match was used to evaluate the BLAST identifications for their reliability. If the percent identity match exceeded the determined threshold, a species level identification was recorded. For lower values or in case of multiple top hits with the same score, a genus-or family-level identification was made. Identifications for the separate barcoding markers were combined in a consensus barcoding ID. Samples with incongruent identifications were recorded as unidentified, except when two out of three were in congruence then the identification was recorded.
Species identification
To come to a species hypothesis, results from the different identification methods were compared and interpreted and nomenclature was checked using the PlantList (www.theplantlist.org). In case no conflict between literature, morphology and DNA barcoding was detected, the most detailed identification was adopted (e.g., if morphology would indicate Drimia sp. and DNA barcoding Drimia altissima, the latter would be used as our species hypothesis). In case only one identification method gave an identification, that identification would be adopted and if possible expanded by a posteriori information to allow for a more narrowed-down species hypothesis. In case of incongruence between the different methods, morphology and DNA barcoding would in general be considered more trustworthy than literature, especially if multiple samples for the same product would show similar identifications. However, if there was an incongruence between literature or morphology and DNA barcoding and the DNA barcoding result was only supported by one marker, literature and morphology would be considered more trustworthy, due to the possibility of contamination. For DNA barcoding identifications, the completeness of the reference database was also taken into consideration when making the final species hypothesis, for example if DNA barcoding would indicate Zanthoxylum holtzianum, whereas literature mentioned Z. usambarense and Z. chalybeum as identifications, and morphology would indicate cf. Z. usambarense, then considering that Z. usambarense and Z. chalybeum were not present in the DNA barcoding reference database, morphology and literature were considered more reliable. In case no reliable species hypothesis could be made due to extensive incongruence between the three methods, the term 'undecided' was used. If none of the identification methods would result in an identification the sample was considered 'indet.', i.e. unidentified.
Results

Literature and genetic reference material review
The literature review of plants traded in Tanzania yielded several cases of over-and under-differentiation, which are summarised in Table 1 . Based on vernacular and scientific names recorded in literature, one would estimate to encounter around 218 different species from 90 genera belonging to 70 plant families available on the market.
Moreover, 199 vernacular names of medicinal products could not be matched to scientific species, which suggests an even larger diversity of species in trade. Out of the 218 taxa for which scientific names were recorded, 80 had sequences for all three barcoding markers in NCBI GenBank, 94 species for 1-2 markers, and 44 species had no sequences available. In the latter category, all taxa did have at least some sequences of other species within the same genus available in NCBI GenBank.
Sample collection and processing
In total 870 medicinal plant samples were collected at the Dar-es-Salaam and Tanga markets, corresponding to 452 local names, out of which 212 were unidentifiable based on literature and morphology and 240 could be assigned to at least family level, although in some cases ambiguously and/or based on literature alone. The DNA extraction success rate was generally very high, ranging from 86% for the medicinal plants samples to 95% for the reference collections from the MO and UPS herbaria. The PCR success rate was considerably lower. The nrITS region was successfully amplified for 408 medicinal plant samples (54%), rbcL for 564 samples (64%) and matK for 350 samples (47%), which resulted in the successful assembly of 220 nrITS sequences, 439 rbcL sequences and 279 matK sequences. For 80 samples all three barcodes could be obtained, for 172 samples two, and for 283 samples one barcode region could be obtained. A sequence for at least one of the barcoding markers was obtained for 535 market samples (61%). The new MO and UPS reference collections yielded 50 nrITS, 83 rbcL and 53 matK sequences, resulting in at least one sequenced barcode region for 107 of the 185 new reference collections (58%) (For NCBI GenBank accession numbers see Supplementary Table S1 ).
Species identification
Suitable cut-off values for species level identifications were determined through analysis of the intra-and interspecific variations within the predominant genera ( Supplementary Table S2 ). The availability of sequences per genus and species varied greatly between the different genera, and for some genera and markers no or very few sequences were available, whereas other genera could have as many as 131 species and 169 sequences for one marker. On average 13 species (median 8.0) and 26 sequences (median 13.5) were available per species per marker, although generally less reference sequences were available for nrITS. The suggested cut-off value for matK and rbcL as calculated by SpeciesIdentifier was often between 0-1%, whereas the cut-off value suggested for nrITS was on average 3.3%. Identifications based on cut-off values under 1% were critically evaluated from case to case in order to determine if the sequence dissimilarity was likely to be caused by actual variation or by contamination, sequencing errors or multiple copy issues. If no sequences were available for the calculation an average cut-off value was applied of 1% for matK and rbcL and 3% for nrITS. In some cases, chosen cut-off values appeared to be S. Veldman, et al. Journal of Ethnopharmacology 250 (2020) 112495 unsuitable as multiple top hits would fall within the determined threshold. In these cases, either a family-or genus-level identification was made, or a species-level identification after close evaluation of all BLASTn output values. An overview of the consensus identifications, conflicts and identification methods used is given in Appendix 1. A more detailed overview of all identifications and references used is given in Supplementary Table S3 , where identifications are presented per sample based on morphology and literature, per barcoding marker and barcoding consensus. Supplementary Tables S4-S6 include the top five blastn results per sample and marker (S4 nrITS, S5 matK and S6 rbcL respectively), including the query sequence ID, subject sequence ID, percentage identical matches, alignment length, the number of mismatches, number of gap openings, start and end of the alignment in query, the start and end of the alignment in subject, the expect value and the bit score. The identification performance of the barcoding markers is presented in Fig. 1 . In total 509 identifications could be made, 208 at species level, 202 at genus and 99 at family level; 26 samples could not be identified with the applied barcodes or showed ambiguities between the identifications from different markers. In total, 175 different plant species from 124 genera belonging to 65 plant families were identified. Out of the 262 samples that were unidentifiable based on morphology and literature, 36 could be identified up to family level, 64 up to genus and 51 up to species level. Using conventional methods, 608 samples could be identified at least to family level, which resulted in 373 samples with an identification from multiple sources. When comparing these results, it became clear that these identifications were congruent with each other in 41% of cases. For 171 samples there was an identification incongruence on family level, for 28 samples on genus level and for 13 samples on species level. An ultimate species hypothesis could be made for 662 samples; 121 samples remain unidentified and for 87 samples the identification remains undecided due to incongruence.
Multilingualism and over-and under-differentiation
In the market samples investigated, 32 cases of multilingualism and over-differentiation and 48 cases of under-differentiation were detected ( Table 2 ). The most evident cases of multilingualism and over-differentiation were Afzelia quanzensis Welw., which was traded under twelve local names in at least five local languages and Zanthoxylum spp., for which eleven local names in at least three local languages were recorded. Comparison of cases of vernacular heterogeneity recorded in literature and those detected on the market, show that several species overlap, but not necessarily with expected local names. In case of A. quanzensis it was expected to find this plant traded under the following names: mkongo, (Swahili) olkwai, olng'oswa or osaragi (all Maasai). However, Afzelia quanzensis identified in our analysis was traded as endulele (Maasai), itetemia (Nyamwezi/Swahili), olengala (Shambaa) or the Swahili names mfalaka, mfuleta, mgosiagona, mguruka, mpapatiko, gwangwandu, msigi, msusula and muharaka. The most obvious case of under-differentiation was mwingajini (Swahili) from which a variety of unrelated species were identified, including an Anacardiaceae species, species in the genera Strychnos (Loganiaceae), Vepris, Zanthoxylum sp. and Zanthoxylum holtzianum (Engl.) P.G.Waterman (Rutaceae), Volkameria (Lamiaceae), and Brackenridgea zanguebarica Oliv. (Ochnaceae). In other cases of under-differentiation, the number of scientific species corresponding to one vernacular name varied between two and four.
Discussion
Vernacular heterogeneity
In total, we identified 80 cases of multilingualism and over-and under-differentiation on the markets studied. This was more than the 51 cases expected based on literature (McMillen, 2008; Nahashon, 2013; Abihudi, 2014; Otieno et al., 2015) . The true number of cases of multilingualism is likely higher, as cases of over-differentiation might in some cases be hidden multilingualism. Even if the vendors indicated that a certain vernacular name was in Swahili, it could actually be a local name from another language that had become accepted as a trade name through vernacular dominance and was therefore considered Swahili (Otieno et al., 2015) . Mjafari, for example, is originally an Arabic name for Zanthoxylum sp., but most vendors consider the name to be Swahili, while the actual Swahili name is mlungulungu (Otieno et al., 2015) . Several useful plants in Surinam also show an extensive level of multilingualism and over-differentiation, similar to the situation in Tanzania, because the lingua franca (Sranantongo) contains plant names that have an origin in a multitude of African, European and Amerindian languages ( Van't Klooster et al., 2003; Van Andel et al., 2014) . The diversity of names could also be explained by their different meanings: some vernacular names refer to the plant, whereas other names refer to the condition the plants cure. Plants sold under the name mwingajini (Swahili) are used to chase away evil spirits, but collectors indicated that there are several types of mwingajini, which look very Blue represents the percentage of sequences that could not be identified using BLAST; red represents the sequences that could be identified to family-level; grey the percentage of sequences that could be identified to genus-level and yellow the percentage of sequenced that could be identified to species-level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) differently, but have the same function and are therefore grouped under the same name. Differences in species composition between samples with the same local name may also be caused by misidentification or adulteration. This is a well-known problem that is enhanced by commercialisation and urbanisation, since the middlemen and vendors get too detached from the plants in the wild and are unable to reliably identify species or intentionally sell species that are more easily accessible than scarce medicinal plants (Posadzki et al., 2013; Seethapathy et al., 2014) . Moreover, medicinal plants traded as powders, shredded material or in mixtures are often subject to misidentification and adulteration (Coghlan et al., 2012; Kool et al., 2012; Newmaster et al., 2013; Raclariu et al., 2017b) .
Identification success using DNA barcoding
Molecular methods such as DNA barcoding are increasingly applied for the authentication of herbal medicine (Chen et al., 2010; Coghlan et al., 2012; Newmaster et al., 2013; Raclariu et al., 2017b) and the monitoring of trade in wild-harvested plant and animal species (Wasser et al., 2007; Baker et al., 2010; Collins et al., 2012; Ghorbani et al., 2016) . For land plants the use of rbcL and matK as core barcodes has been recommended (CBOL Plant Working Group, 2009), as the mitochondrial marker COI used for animals is too slow-evolving in plants (Kress et al., 2005) . In this study rbcL and matK have been used in combination with nrITS, which has proven useful in similar studies (Chen et al., 2010; Kool et al., 2012; Ghorbani et al., 2017) . At 64% rbcL showed the highest sequencing success rate in this study, and it enabled identification of several genera linked to local names that had hitherto not been identified based on morphology or literature, such as mchekacheka (Parinari sp.), mtundwi (Lannea sp.) and upendo (Anacyclus sp.). However, rbcL showed an overall low discriminatory power when it came to species-level identification (12%), and most samples could only be identified to genus (49%) or family-level (38%). Similar results in other studies (Chen et al., 2010; Li et al., 2011) confirm that rbcL is unsuitable for studies requiring specific identification from a large set of putative species, but its primer universality and high amplification rate make useful in identification of degraded material for which no identification hypothesis exists. matK yielded identifications for all samples and showed a species-level discrimination success of 50%. However, the sequencing success for this marker was rather low with a success rate of only 47%. Both the low amplification success and the high species-level identification success of matK have been reported by other authors (Kress and Erickson, 2007; Fazekas et al., 2008; Kool et al., 2012) . The low amplification success makes it problematic as a molecular identification marker for degraded market samples using amplicon based DNA barcoding methods. Early studies investigating suitable land plant barcodes have disqualified the use of nrITS due to alignment difficulties, the presence of multiple paralogous copies and the low amplification rates due to problems with the secondary structure (Kress et al., 2005) . However, more recently nrITS has been proposed as complementary marker (Li et al., 2011; Kool et al., 2012) , and the ability to amplify the~300 bp nrITS2 marker separately with primers annealing in the conserved 5.8S and 26S regions has made it a suitable marker for identification of plants used in herbal medicine (Chen et al., 2010) and DNA metabarcoding studies (Blaalid et al., 2013; Richardson et al., 2015; de Boer et al., 2017; Raclariu et al., 2017b Raclariu et al., , 2017a Raclariu et al., , 2017c Veldman et al., 2017) . A way to increase amplification and overall identification success would be the use of minibarcodes, since these are particularly suitable for degraded material (Valentini et al., 2009; Kress et al., 2015) or shorter regions, such as nrITS2 (Chen et al., 2010) . This could further aid the identification of vernacular names for which no species hypothesis exists, based on previous research. However, longer regions would still be required to ensure higher chances of species-level identification, especially between closely related species, which would likely not be possible with short barcodes. In our study matK showed the highest species-level discrimination power, whereas nrITS showed a higher amplification success as compared to matK. Amplification of fungal nrITS (Kress et al., 2005 ; Hollingsworth, 2011; Kool et al., 2012) was mitigated through the use of plant specific primers (Sun et al., 1994) . Of the previously reported disadvantages of nrITS (Kress et al., 2005) , the only one that surfaced in our study was the presence of paralogous copies, which impeded identification results in some cases. For example, samples that matched to Zanthoxylum species, would usually do this with a very high percentage identity match, but in some cases (e.g. MP383, MP598, MP739) the query sequence could hardly be identified up to genus level. This could indicate that the sample actually belonged to a species not represented in the reference database, but the large sequence divergences in these query sequences compared to the average sequence divergence within the genus in combination with the identifications made with matK and rbcL, made it more likely to assume that a paralogous nrITS copy was sequenced. Not all samples could be identified to species-level, but many identifications made by DNA barcoding have given a clear indication of the identity of previously unknown local names. These 'newly' identified plant species were often previously documented in other studies, but traded under another vernacular name by some of the vendors we interviewed. Based on generic or even family level identifications of previously unidentified species, one can narrow down the search and look at known medicinal plants within these plant genera or families, in combination with species occurrence data. These findings in turn suggest how the reference database should be expanded to allow for more accurate identifications. Our study shows that additional reference sequences are needed for Allophyllus, Anacardiaceae, Annona, Cassia, Celastraceae, Ehretia, Loranthaceae, Senna, Strychnos, Suregada, Uvaria and Zanthoxylum, since these taxa contain frequently traded species that could often only be identified up to genus or family level yet in this study. Especially for the frequently traded species it is important to have reliable identifications, since some of them, such as Suregada lithoxyla (Pax & K.Hoffm.) Croizat are endemic and IUCN Red Listed as Vulnerable (VU), whereas others such as Suregada zanzibariensis are more common and considered to be of Least Concern (LC) (IUCN, 2018).
Comparing DNA barcoding and conventional methods
When comparing the different identifications methods, we detected incongruences in more than 60% of the cases. Incongruences on species and genus level are somewhat expected, since species within the same genus or within closely related genera are sometimes sold under the same vernacular name (Nahashon, 2013; Otieno et al., 2015) . The amount of incongruence on family level, however, is alarming and confirms the need for more thorough identification methods. Some of the incongruence between identifications using conventional and molecular methods might be caused by contamination, but the DNA barcoding results can also indicate intentional or unintentional adulteration. Another reason for observed incongruence can be temporal substitution where a species traded today is no longer the same species as traded in the past Kool et al., 2012; Ouarghidi et al., 2012) . Evidence for adulteration and/or substitution is particularly strong when a product is sampled multiple times from different vendors and is consequently identified as something different than proposed by literature using molecular data. An example of this is the product mkumbi, which is said to be Hymenaea verrucosa Gaertn. by Abihudi (2014) , but was repeatedly identified as Brackenridgea zanguebarica Oliv. using DNA barcoding (Appendix 1). Comparing DNA barcoding results with identifications from conventional methods also confirms the suspicion that some products are under-differentiated. The product mmelemele is said to be either Holarrhena pubescens Wall. ex G.Don or Allophylus rubifolius (Hochst. ex A.Rich.) Engl. according to literature (Abihudi, 2014; Nahashon, 2013) , and this is confirmed by our DNA barcoding results, where three mmelemele samples were identified as Holarrhena pubescens and one as a Allophylus species. In case of undecided identifications with incongruences such as bukoi, chamali, engilelo and mmavimavi for which only one sample was collected, attempts can be made to collect the same product from other vendors and to accompany vendors to the field. For some products, multiple samples identified as the same species, but one or two samples as a different species. Mfunguo samples for example, were mostly identified as Chenopodium species (Amaranthaceae), which is in congruence with literature, but also showed an identification with DNA barcoding as Acalypha sp. and Tetracera sp.. Another example is mpapatiko, which identifies as Afzelia quanzensis (Fabaceae) using DNA barcoding, except for one sample, which identifies as a Meliaceae species. To know whether these are adulterations, errors or contamination, or whether these species are really considered to be mfunguo or mpapatiko as well, more samples should be analysed. Once a sample was identified using DNA barcoding and gave a surprising result, either because no previous species hypothesis was available or because the molecular identification did not match the one using conventional methods, an a posteriori search was performed to see if the species was actually used as medicine in Tanzania. In case of a genus level identification, it was sometimes possible to add a conferred species hypothesis, because there was only one species within that genus that was reported as medicinal in Tanzania. For the DNA barcoding identification of Tinnea sp., our species hypothesis became cf. Tinnea aethicopica, since this is the only Tinnea species documented as medicinal in the country. Leaving the identification at Tinnea sp. would result in loss of information, since the genus Tinnea contains 19 species (Mabberley, 2008) . A posteriori information allowed us to narrow down the identifications for 40 of our samples to putative species level. This method can prove very useful in future projects aiming to expand reference databases, quantify trade and employ conservation efforts.
Conclusions
This study has made a first attempt to use DNA barcoding in addition to literature and morphology to identify species traded on African medicinal plant markets. Combining the three methods, 58% of the products could be identified to species level, revealing a diversity of at least 175 plant species from 65 plant families. These identifications shed new light on the diversity of species traded in Tanzania. Results from this study can be used to quantify the trade in herbal medicine and prioritize species for conservation. It can also be used to check if species substitution is taking place and provide a baseline for studies in other seasons, cities and countries, as well as to assess and monitor temporal changes. When traditional medicine develops into a standardized commercialised business, these methods can be used as authentication methods and for quality control. Many of the identifications based on literature and/or morphology were not in congruence with those resulting from DNA barcoding. This shows the need for additional studies on DNA barcoding of African medicinal plant, but also importantly the fluidity of species in local classification. Over-exploitation and depletion of preferred medicinal taxa, especially if these include species with limited distributions within the same genus, threaten local populations and endemic species.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jep.2019.112495.
Appendix 1
An overview of all identifications per sample: collection number, vernacular name, local language(s), identification based on conventional methods, consensus identification based on DNA barcoding, level of conflict between different methods, species hypothesis, plant family and identification methods used. 
